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FOREWORD 


This  Final  Technical  Report  covers  the  work  accomplished  by  the  Power  Tube 
Operations  organization  of  the  Radio  Corporation  of  America,  Lancaster,  Penn¬ 
sylvania,  during  the  period  6  June  1958  and  10  February  1960,  on  the  develop¬ 
ment  of  an  Experimental  Model  of  a  high-power  broad-band  "Coaxitron  ampli¬ 
fier  as  referred  to  in  "Purchase  Request  Continuation  Sheet  For  Integral  Cavity 
Triode"  dated  16  January  1958  and  RCA  Development  Proposal  DP-635,  "High- 
Power  Broad-Band  Amplifier  —  Development  of  Experimental  Model"  dated  2 
April  1958, 

This  work  was  sponsored  by  the  United  States  Air  Force,  Rome  Air  Develop¬ 
ment  Center,  Griffiss  Air  Force  Base,  New  York,  under  Contract  AF30(602)-18°2. 


Contract  AF30(602)™1 892 
Final  Report 


ABSTRACT 


This  Final  Technical  Report  describes  the  electrical  and  mechanical  design  and 
low  power  evaluation  of  an  experimental  model,  high-power,  wide-band,  pulsed- 
amplifier  tube  with  integrated  radio  frequency  circuitry. 

This  experimental  model,  produced  during  this  program,  has  demonsti  ated  en¬ 
couraging  performance  during  its  provisional  evaluation.  The  design  objectives 
of  25  microsecond  pulse  width,  0.01  minimum  duty  factor  and  30%  minimum 
efficiency  are  well  within  the  capabilities  of  the  tube.  The  design  power  output 
of  5  megawatts  could  not  be  confirmed  because  the  available  drive  power  was  in¬ 
sufficient.  The  bandwidth,  which  was  designed  to  be  80  megacycles,  measured 
about  70  megacycles.  The  design  frequency  band  of  385  megacycles  to  465  mega- 
.  cycles  had  shifted  downward  about  4.  5%.  During  provisional  evaluation,  the  tube 
was  operated  at  a  power  output  of  over  1.  5  megawatts  at  efficiencies  as  high  as 
45%.  The  data  collected  and  analyzed  during  this  provisional  evaluation  indi¬ 
cates  that  all  of  the  design  objectives  can  be  met  with  continued  development. 
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SECTION  I 


GENERAL  INTRODUCTION 


This  report  covers  the  work  accomplished  by  the  Power  Tube  Operations 
organization  of  the  Radio  Corporation  of  America,  Lancaster,  Pennsylvani 
on  the  development  of  an  Experimental  Model  of  a  high-power  broad-bard 
"Coaxitron"  amplifier  as  referred  to  in  "Purchase  Request  Continuation 
Sheet  For  Integral  Cavity  Triode"  dated  1  6  January  1958  and  RCA  Develop¬ 
ment  Proposal  DP-635  "High-Power  BroadBand  Amplifier  -  Development 
Of  Experimental  Model"  dated  2  April  1958. 

This  work  was  sponsored  by  the  United  Slates  Air  Force,  Rome  Air 
Development  Center,  Griffiss  Air  Force  Base,  New  York,  under  Contract 


AF  30(602)- 1 892, 
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SECTION  II 


SUMMARY 


This  leport  describes  the  electrical  and  mechanical  design  and  low  power  evaluation 
of  an  experimental  model  high-powei  wipe  band  pulsed  amplifier  tube  with  integrate, 
radio  frequency  circuitry  having  design  objectives  as  discussed  below 


This  Experimental  Model  has  demonstrated  encouraging  performance  during  its 
provisional  evaluation.  The  design  objectives  of  25  microsecond  pulse  width,  0.  Qi 
minimum  duty  factor  and  3u%  minimum  efficiency  are  .veil  within  the  capabilities 
°t  the  tube.  The  design  power  output  of  5  megawatts  could  net  be  confirmed  be¬ 
cause  the  available  drive  power  was  insufficient.  The  bandwidth,  which  was 
designed  to  be  80  megacycles,  measured  about  70  megacycles.  The  design  fre¬ 
quency  band  of  38  5  megacycles  to  46  5  megacycles  had  shifted  downward  about  4.  5%. 
During  provisional  evaluation,  the  tube  was  operated  at  a  power  output  of  over 
i.  5  megawatts  at  efficiencies  as  high  as  45%.  The  data  collected  and  analysed 
during  this  provisional  evaluation  indicates  that  all  of  the  design  objectives  can 
be  met  with  continued  development. 
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SECTION  III 


INTRODUCTION 


The  contract  for  this  developmental  program  calls  for  furnishing  one  Experiment 
Model  of  a  high-power ,  wide -band,  pulsed  amplifier  tube  with  integrated  radio 
frequency  circuitry,  having  tne  following  design  objectives: 


Frequency:  The  tube  shall  be  capable  cl  operation  in  the  frequency  range 
of  385  to  465  megacycles  per  second  minimum.. 

Bandwidth:  80  megacycles  minimum  at  the  3.  0  decibel  power  points  frcm 
a  center  frequency  cf  425  me  gacycies. 

Power  Output;  5  megawatts  minimum  into  a  load  having  a  voltage  standing 
wave  ratio  of  not  greater  than  1.  1:1.  The  contractor  shall  strive  as  an 
objective  to  maintain  the  peck  power  constant  over  the  range  of  frequencies 
specified. 

Pulse  width:  25  microseconds  minimum. 

Duty  Factor:  0.  01  minimum. 

Efficiency:  3.  percent  minimum  when  operated  under  power  output  conditio 
specified  in  Q 

Power  gain:  A  maximum  consistent  with  the  electrical  design  cf  the  tube. 
Cathode:  The  cathode  shall  be  a  matrix-oxide  type. 

Cooling:  In  order  to  provide  adequate  cooling  of  the  tube,  suitable  coolant 
courses  through  the  tube  elements  with  accessible  connectors  shall  be 
provided. 
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J. 


Load  Voltage  Standing  Wave  Ratio  (VSWR):  The  tube  shall  be  design 


for  operation  into  a  load  having  a  VSWR  of  1.  5:1  for 
evidence  of  operational  instability. 


all  phases  withe 


In  addition,  RCA  has  aonducted  evaluation  tests  of 
Coaxitron  at  moderate  pever  levels. 


Evperiinerha'  Mo:e.: 
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SECTION  IV 


THE  EXPERIMENTAL  MODEL  COAXITRON 
AND  PROVTSIONAL  EVALUATION 

The  name  Coaxitron,  derived  from  the  coaxial  nature  of  the  structure, 
has  been  given  to  define  integral- circuit,  grid-controlled  amplifier- 
tubes,  Two  Coaxitrons  were  built  curing  the  course  of  this  experiment. 
Model  A,  an  interim  version,  WoS  used  to  establish  some  of  the  basic 
design  and  processing  concepts  prior  to  the  completion  of  Model  B„ 

This  was  the  first  Coaxitron  Model  completed  with  the  integral  band¬ 
pass  radio  frequency  output  circuitry  and  grid-controlled  electronic 
structure  combined  within  a  vacuum  envelope. 

Figure  1  is  a  photograph  of  the  Model  B  Coaxitron,  The  larger  diameter 
at  the  bottom  encloses  the  anode,  grid-controlled  electronic  structure 
and  most  of  the  integral  rf  circuitry.  The  grid-controlled  electronic 
structure  is  similar  to  that  of  the  RCA  Developmental  Tube  Type  A-2346, 
a  5  megawatt  triode.  The  voltage  sampling  probes  around  the  periphery, 
which  would  be  included  only  on  early  developmental  models,  permit 
examination  of  the  rf  voltage  distribution  within  certain  portions  of  the 
vacuum  circuitry.  The  long,  smaller  diameter  stack  encloses  the  auxiliary 
output  cavity  and  coaxial  output  line.  The  ceramic  cylinder  at  the  center 
of  the  stack  is  the  output  vacuum  window  for  coupling  rf  energy  directly 
to  the  output  waveguide. 
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Figure  1  --  The  Model  B  Coaxitron:  The  Larger  Diameter  at  the 

Bottom  Encloses  the  Anode,  Grid  Controlled  Electronic 
Structure,  and  Most  of  the  Rf  Circuitry.  The  Small 
Cylinders  Around  the  Periphery  are  the  Voltage 
Sampling  Probes.  The  Long  Smaller  Diameter  Stack 
Encloses  the  Auxiliary  O.'tput  Cavity  and  Coaxial  Output 
Line.  The  Ceramic  Cylinder  at  the  Center  of  the  Stack 
is  the  Output  Vacuum  Window  for  Coupling  Rf  Energy 
Directly  to  the  Output  Waveguide. 
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A  typical  test  set-up  for  the  Coaxitron  is  shown  in  the  photograph  of  Figure  2. 
It  can  be  easily  seen  that  the  tube  merely  inserts  into  a  waveguide,  one  portion 
of  which  transmits  the  rf  energy  to  the  load  while  the  other  portion,  which  is 
shown  to  the  right  of  the  Coaxitron  in  the  photograph,  contains  a  waveguide 
shorting  plunger  which  is  mechanically  fixed  in  one  position  over  the  entire 
frequency  band.  It  is  important  to  note  that  this  arrangement  provides  a 
stray  radiation  free  environment  around  the  output  circuitry. 

Beneath  the  Coaxitron  is  the  detachable  input  circuit,  the  filament  power  leads, 
the  plate  supply  lead  and  various  coolant  connectors.  A  three  inch  coaxial 
transmission  line  from  the  rf  driver  is  attached  to  the  input  circuit. 

Provisional  tests  on  this  Coaxitron  (Figures  land  2)  have  demonstrated  a 
power  output  of  over  1.  5  megawatts  with  a  wide  band  of  approximately  70 
megacycles  at  efficiencies  as  high  as  4  5%.  In  addition,  the  tests  have 
demonstr;  ted;  a  potential  power  output  capability  of  5  megawatts,  that  a 
grounded- grid  amplifier  can  l»nv<  a  good  power  gain,  that  there  are  no 
parasitic  oscillation  trouble  i,  m  I  llml  Inlogml  circuited  tubes  show  an 
order  of  magnitude  power-linml  i  iel  Improvement  over  conven¬ 

tional  external  circuitry,  biwied  on  »r.  me  with  nine  different  cavities  de¬ 
signed  for  the  A-2346  tube  by  invet  nl  illl'lerent  engineering  groups  at  RCA  and 
otner  customers. 
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The  provisional  testing  of  the  Coaxitron  utilized  a  dc  plate  supply  containing 
electronic  "crowbar"  fault  prole etic  circuitry  so  that  the  high  voltage  was 
removed  within  10  microseconds  in  the  event  of  an  internal  tube  arc.  The 
driver  supplied  pulsed  rf  power  of  10  microseconds  duration.  The  rf  output 
power  was  measured  calorimetrically  using  a  UHF  water  load.  A  panoramic 
search  receiver  was  used  tc  explore  for  spurious  outputs  and  parasitic 
oscillations.  A  Vaclcn  Pump  was  attached  to  the  tube  to  clean  up  gas 
evolved  during  aging  and  to  provide  continuous  monitoring  of  the  gas  pressure. 


*Varian  Associates,  Palo  Alto,  California 
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SECTION  Y 


CONSTRUCTIONAL  FEATURES 
OF  THE  EXPERIMENTAL  MODEL  COAXITRON 


A  simplified  longitudinal  cross-section  cf  the  Coaxitron  is  shown  in  Figure  3. 
Electron  emission  is  supplied  by  96  directly  heated,  ribbon-type  filamentary 


cathode  strands.  The  cairn  de  emissl 


unlace  consists  cf  a  matrix  of  finely 


divided  nickel  powder  sintered  to  the  ribbon  base  and  saturate  a  with  barium 
and  strontium  oxides.  Long  life  emissio  :  can  be  expected  from  these  cathode 


because  their  capability  is  at  least  twice  that  required  by  the  intended  service. 
Each  cathode  strand  is  mounted  by  a  pantographic  tensioning  device  which 
compensates  for  thermal  expansion  and  assures  precise  grid-to-cathode 
spacing.  This  method  cf  cathode  support  has  had  ever  1  0  years  of  proven 
success  in  RCA  super  power  tubes. 


The  grid  structure  is  coaxial  with  tm  cathode  airs-  a. 


consists  cf  t  wc 


fine -pitched  concentric  helices  of  line  tungsten  wire  embedded  in  96  copper 
supporting  fins  extending  radially  outwsri  between  the  individual  cathodes. 
Adequate  coolant  flow  La  the  grid  block  effectively  cools  the  grids  via  the 

supporting  fins  thereby  assuring  the  maintenance  of  accurate  electrode 
spacings. 
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Figure  3  —  Simplified  Cross-Section  Diagram  of  the  Model  B 
Coaxitron  Showing  the  Vacuum  Enclosed  Output 
Circuitry. 
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The  anode  is  outside  the  grid  structure  and  coaxial  with  it.  It  is  con¬ 
structed  of  copper  for  good  thermal  conductivity  and  is  liquid  cooled  by 
passing  coolant  thru  channels  in  the  back  wall. 

The  construction  of  the  electronic  structure  is  shown  m  the  axial  cross 
section  of  Figure  4. 

Modulation  of  the  electron  stream  is  accomplished  by  an  rf  drive  voltage 
applied  between  the  grid  and  cathode  rf  input  terminals  of  a  detachable, 
tunable  input  circuit.  A  relatively  uniform  rf  voltage  distribution  along 
the  length  of  the  grid-cathode  region  is  maintained  by  a  fixed  cavity  at 
the  end  opposite  the  rf  input  terminals.  RCA  has  had  extensive  experience 
with  this  structure  in  the  A- 2346  Refinement  Program  (BMEWS  Contract 
AF04(647)-179  from  the  Air  Force).  This  experience  has  demonstrated  the 
practicality  of  fabricating  a  structure  of  this  sort.  It  has  shown  that,  this 
structure  has  an  extremely  high  cutoff  mu,  thereby  permitting  zero  bias. 
Class  B  operation,  which  considerably  enhances  the  stability  by  increased 
screening  between  the  input  and  output  circuits.  Furthermore,  the  double 
grid  structure  has  caused  no  great  increase  in  electron  interception  by  the 
grids. 

The  output  circuit  includes  the  load  end  cavity,  the  active  grid-anode 
region,  and  the  slave-end  output  cavity,  all  designed  so  that  the  output 
circuit  operates  in  a  half-wave  coaxial  mode.  By  suitably  porportiomng 
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the  slave -end  output  circuit,  a  voltage  maximum  can  be  made  to  occur 
at  the  mid-plane  along  the  length  of  the  grid-anode  region. 

A  re-entrant  output  dc  blocking  transmission  line  (commonly  referred  to 
as  a  blocker),  which  eliminates  the  need  for  an  external  rf  output  blocking 
capacitor,  greatly  simplifies  the  output  coupling  structure.  It  is  formed 
between  the  ring-like  anode  blc  hi  and  the  external  metal  enclosure  and 
is  electrically  a  half-wave  long.  Because  it  is  entirely  enclosed,  it  is 
completely  non-radiating.  The  higl  voltage  components  are  vacuum  in¬ 
sulated  from  the  external  metal  enclosure  making  the  device  self-healing 
in  the  event  of  a  flashover.  Since  tne  re-entrant  blocker  actually  transmits 
rf  power  from  the  slave-end  output  cavity,  the  VSWR  is  relatively  low. 
Consequently,  the  blocker  introduces  little  narrowing  of  the  bandwidth. 

Also,  the  re-entrant  blocker  introduces  no  objectionable  modes  within  the 
operating  frequency  range. 

The  voltage  distribution  along  the  blocking  transmission  line  was  predicted 
by  using  a  1  Me  analogue  made  up  ot  tapped  coaxial  cable  corresponding  to 
a  pie-slice  section  of  the  actual  Ccaxitron.  The  voltage  distribution  was 
later  verified  during  cold-test  adjustment  of  a  full  scale  model  by  using 
the  built-in  voltage  test  probes. 

The  five  inductive  coupling  spokes  couple  rf  power  symmetrically  out  of  the 

load  end  cavity  to  the  auxiliary  output  cavity.  These  rugged  copper  tubes 
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are  proportioned  and  located  axiaily  to  give  the  desired  band-pass  response 
Their  final  adjustment  was  made  during  a  cold-test  of  a  f'Tl  scale  model, 
after  which  the  tubes  were  brazed  solidly  across  the  load  end  cavity. 

The  auxiliary  ou.pu,  cavity  is  simply  an  extension  of  the  coaxial  line  forming 
the  iO  ad  -  end  cavity  and  has  an  electrical  length  of  approximately  one -quart  er 
wave  length.  This  auxiliary  output  circuit  is  proportioned  to  give  the  proper 
band-pass  response  into  the  100  ohm  load  presented  by  the  coaxial  output 
line  in  conjunction  with  the-  previously  discussed  output  circuitry.  The 
auxiliary  output  circuit  was  finally  adjusted  during  a  cold-test  of  a  full 
scale  model  by  adding  plates  of  various  thicknesses  to  the  end  of  the  inner 
coaxial  connector.  The  inner  and  outer  conductors  of  this  auxiliary  output 
circuit  are'  actually  portions  of  cones  which  intersect  each  other  on  the  axis 
so  that  uniform  surge  impedance 'is  m  named.  This  construction  is  shown 
m  the  detailed  cross-sectional  drawing  of  Figure  5, 

The  ccax.'.ai  output,  line,  as  shown  on  ihe  simplified  cross  sectional  view  of 
Figure  3.  has  a  surge  impedance  of  100  ohms.  The  residual  VSWR  of  crus 
coaxial  fine  is  determined  by  the  design  of  the  coax-to- waveguide  transition. 
As  can  be  seen  from  the  Smith  Chart  of  Figure  6,  it  is  about  1,  2,  The 
length  of  the  coaxial  line  is  chosen  so  that  this  residual  VSWR  is  compen¬ 
sated  for  in  part  by  the  discontinuity  capacitance  at  the  junction  with  the 
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auxiliary  output  cavity „  The  line  extends  through  the  waveguide  a  pre¬ 
determined  distance  to  form  the  coaxial  tuning  stub  portion  of  the  coax* 
to  -  wav e  gm de  t r  ans  it  ion. 

T  16  °C  aX  tc“waveSuide  transition  was  designed  to  fit  3/4  standard  height 
WR2300  waveguide  (8.  625"  x  23.  0"  inside  dimensions).  This  design 

A.de  .-pacings  lor  high- power  and  also  has  good  wide -band  performance 
characteristics,  as  shown  in  Figure  6,  when  compensated  as  discussed 
above.  The  transition  had  to  be  designed  empirically  because  of  the  pre- 
se.me  of  ti  e  n.ra.r.xc  o  tout  window.  The  design  procedure  consisted 
mainly  cf  determining  the  optimum  fixed  length  of  the  coaxial  tuning  stub 
ana  t..e  position  of  the  shorting  plunger  in  the  waveguide.  To  facilitate 
fabrication  and  rf  measuring,  scale  models  were  used  operating  at  about 
seven  times  normal  fr  equency.  Again,  however,  the  design  was  checked 

h}  CO  'J‘teSt:ng  3  tul1  soale  modei  :jsir*fe'  a  specially  built  coaxial  line  and 
low-power  waveguide  load. 


The  ceramic  output  window  is  similar  to  those  used  extensively  in  RCA 
super  power  tubes  and  uses  Almaaox  type  4462  cylinder.  This  ceramic 
output  window  is  joined  to  its  metal  envelope  with  radial  compression 


Two  similar  but  smaller  ceramic  cylinders  support  the  anode  block  as  can 
be  seen  by  studying  the  detailed  cross-sectional  drawing  of  Figure  5. 
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These  ceramic  cylinders  also  conduct  coolant  from  outside  metallic 
fittings  to  the  actual  anode  coolant  passages.  A  rod-like  lead  (not 
shown  on  the  drawing)  on  the  axis  of  one  of  the  ceramic  cylinders 
connects  the  anode  to  the  plate  supply  voltage. 


The  arious  major  assemblies  of  the  Coaxitron  are  joined  by  a  series 
of  inert  gas  welds  made  by  techniques  carefully  developed  from  ex¬ 
perience  with  super  power  tubes  and  large  ultra-high- vacuum  systems. 
Such  welds  can  be  cut  apart  should  it  become  desirable  to  modify  or 
replace  components  inside  the  vacuum  envelope  of  the  Coaxitron. 


Closely  wound  coil 


spring  rf  gaskets"  at  the  welds  provide  low-loss 


paths  for  rf  circulating  currents. 
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SECTION  IV 


PROGRESS  MADE  TOWARD  DESIGN  OBJECTIVES 

The  experimental  model  Coaxitron  described  above  represents  fulfillment 
of  the  prescribed  design  objectives  to  a  very  substantial  degree.  The  main 
exception  is  that  the  wide -band  input  circuit  was  not  built  into  this  model. 
There  are  several  reasons  for  this.  First,  the  number  of  developmental 
models  which  could  be  built  was  limited  by  the  scope  of  the  program. 

Second,  the  analysis  of  the  performance  of  a  new  design  is  greatly  facili¬ 
tated  b',  k  eping  the  number  of  new  features  to  a  minimum.  Third, 
design  priority  was  given  to  the  higher  powered  output  circuitry. 

Each  design  objective  will  next  be  discussed  along  with  pertinent  engineering 
information  derived  from  provisional  tests  made  on  the  Coaxitron,  cold 
test  data,  engineering  analysis,  and  experience  on  other  programs. 

Design  Objective  A  -  "The  tube  shall  be  capable  of  operation  in  the  frequency 
-  range  of  385  to  465  megacycles  per  second  minimum". 

The  experimental  Coaxitron  was  actually  operated  at  39  different  frequencies: 
extending  from  385  megacycles  to  453.  2  megacycles  with  gain  and  stability. 
However,  performance  depreciated  rapidly  above  44  5  megacycles,  so  that 
the  upper  limit  of  practical  operation  is  thus  4.  5  percent  below  the  objective 
of  46  5  megacycles.  On  tne  other  hand,  the  relative  response  at  385  mega¬ 
cycles  was  still  less  than  1  decibel  down,  which  indicated  that  the  lower 
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frequency  limit  is  well  below  the  objective  frequency  of  385  megacycles. 
Equipment  limitations  prevented  testing  below  385  megacycles. 

The  measured  response  is  indicated  in  Figure  7  where  the  ordinate  (load 
resistance)  represents  the  relative  power  output  for  a  given  rf  drive  level. 

The  position  of  the  waveguide  shorting  plunger  was  constant  during  the 
measurements  and  the  rf  power  output  was  as  high  as  1.5  megawatts.  A 
corresponding  response  curve  based  on  data  taken  during  the  final  cold- 
test  of  the  full  scale  model  is  shown  in  Figure  8. 

The  downward  shift  in  the  frequency  band  is  due  to  a  combination  of  a 
number  of  possible  second-order  effects;  manufacturing  dimensional 
tolerances,  measurement  error  in  the  determination  of  the  load  resistance, 
slow-wave  effects  along  the  grid  structure,  and  electronic  leading  in  the 
grid -anode  region. 

Design  Objective  B  -  Bandwidth:  80  megacycles  minimum  at  the  3.  0  decibel 

power  points  from  a  center  frequency  of  42  5  megacycles. 

The  bandwidth  design  objective  is  almost  met  by  the  band-pass  output 

circuitry  of  the  experimental  Coaxitron.  Since  operation  at  frequencies 

below  385  megacycles  was  beyond  tne  tuning  range  of  the  available  rf  driver 

and  input  circuitry,  the  lower  frequency  portion  on  the  curve  of  Figure  7  could 

not  be  completed.  Considering  the  apparent  downward  shift  in  the  frequency 
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LOAD  RESISTANCE  -  OHMS 
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FREQUENCY  -  MC 


Figure  7  --  Effective  Load  Resistance  vs  Frequency  as 
Measured  during  Provisional  Evaluation  of 
the  Model  B  Coaxitron.  The  Relative  Power 
Output  for  a  Given  Drive  Level  is  Proportional 
to  this  Load  Resistance.  Operation  at  Frequencies 
below  385  MC  was  beyond  the  Tuning  Range  of  the 
RF  Driver  and  Detachable  Input  Circuit. 


"v 


RELATIVE  RESPONSE  -  db  DOWN' 


FREQUENCY  -  MC 


Figure  8  --  Relative  Response  vs  Frequency  as  Measured  during  the 
Final  Cold-Test  of  the  Model  B  Coaxitron. 


band  and  extrapolating  the  lower  portion  of  Figure  7,  the  lower  frequency 
at  the  3.  0  db  point  may  logically  be  estimated  at  37  5  Me,  which  indicates 
a  70  Me  bandwidth.  It  is  anticipated  that  the  addition  of  the  broad-band 
input  circuitry,  to  be  described  later,  will  not  significantly  reduce  this 
bandwidth. 

Design  Objective  C  -  "Power  output:  5  megawatts  minimum  into  a  load 

having  a  standing  v/sve  ratio  of  not  greater  than 
1.  1:1.  The  contractor  shall  strive  as  an  objective 
to  maintain  the  peak  power  constant  over  the  range 
of  frequencies  specified  herein.  "  - 

The  Experimental  Model  Coaxitrcr.  should  be  capable  of  5  megawatts  output. 
Test  data  taken  at  lower  power  levels  may  be  logically  extrapolated  to  the 
5  megawatt  level  as  shown  in  Figure  9.  The  predicted  plate  current  would 
be  450  amperes  which  repre serfs  a  conservative  cathode  loading  of  only 
5  amperes  per  square  centimeter  (See  Figure  18  middle  curve). 

The  basis  of  Figure  9  is  simply  that  the  useful  power  output  of  any  electrical 
device  may  be  expressed  as: 

Pc  -  I2R  (1 } 

where  I  represents  the  effective  value  of  the  plate  current  at  the  desired 
frequency,  and  R  the  effective  series  resistance  due  only  to  the  useful  load. 

The  maximum  obtainable  value  of  I  depends  chiefly  upon  the  electron  emissio: 
available  per  unit  area  of  the  cathode,  the  total  cathode  area,  and  the  voltage 
flashover  limitations  in  the  input  circuit.  The  effective  value  of  I  over  a  wide 
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DC  PLATE  AMP 


Figure  9  Class  B  Amplifier  Performance-  The  Position  of  the  Load 
Resistance  Lines  is  set  by  Assuming  IpRMS  =  1.1  I  DC. 

The  Points  Plotted  during  Provisional  Evaluation  Establish 
a  Load  Resistance  Line  which  when  Extrapolated  to  5,  000 
KW  predicts  a  Plate  Current  of  450  Amperes.  This  Represents 
a  Conservative  Cathode  Loading  of  only  5  Amperes  per 
Square  Centimeter. 


range  of  operating  conditions  for  a  Class  B  amplifier  may  be  assumed  as 
approximately  i,  1  times  the  dc  plate  current,  IB.  The  magnitude  of  IB 
(  and  thus  I)  which  is  readily  measurable,  even  during  pulsed  operation, 
depends  primarily  upon  the  peak  grid-cathode  drive  voltage  and  how  constant 
it  is  along  the  active  length  of  the  tube.  Because  of  the  Coaxitron's  extremely 
high  amplification  factor,  1B  should  be  almost  independent  of  the  plate-grid 

voltage. 

R  which  depends  almost  entirely  upon  the  output  circuitry,  will  be  constant 
over  a  wide  range  of  power  levels.  It  can  be  determined  at  a  relatively  low 
power  level  by  measuring  PQ  and  IB  and  using  the  derived  equation. 

r  -  ,pq— -  (2) 

i.  21  113 


The  effective  lead  resistance 


R  determined  in  this  manner  from  data  taken 


during  provisional  evaluation  is  relatively  constant  over  the  frequency  band 
as  shown  in  Figure  7.  Consequently,  the  portion  of  Objective  C.  "to  maintain 


the  peak  pew 


/er  constant  over  the  range  of frequenc ies  specified  herein"  is 


essentially  attained. 


Power- Bandwidth  Product  -  The  power-bandwid  h  product  is  a  commonly 
used  figure- of- merit  for  broadband  amplifiers.  As  can  be  seen  from 
Equation  1,  the  power-bandwidth  product  depends  upon  the  product  R  times 


the  bandwidth  if  Ig  remains  constant. 


An  analysis  of  the  data  contained  in 
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Figure  7  indicates  that  the  power-bandwidth  of  the  Coaxitron  is  unusually 
high.  Whereas  the  R  x  BW  for  the  typical  external  circuitry  of  the  RCA 
Developmental  A-2346  tube  type  ranges  from  50  to  165  ohm-Mc,  the  Coaxitr 
has  a  R  x  BW  product  of  1760  ohm-Mc.  Thus,  the  power-bandwidth  product 
is  grea  iy  enhanced  by  carefully  designed  output  cavities  integral  with  the 
active  electronic  structure  of  the  amplifier. 
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The  design  procedure  used  for  the  Coaxitron  will  next  be  described  briefly. 

Output^  Band-Pas^  Cii'cuit  Design 

The  three  principal  functions  of  a  broadband  output  circuit  are: 

1.  To  transform  the  essentially  resistive  load  of  a  transmission  line  so  as 
to  present  a  maximum  and  constant  resistive  load  to  the  electron  stream 
of  the  amplifier. 

2.  To  compensate  for  the  susceptance  due  to  the  unavoidable  capacitance 
between  the  output  electrodes. 

3.  To  conduct  the  rf  power  efficiently  from  the  electronically  active  output 
region  to  the  transmission  line  load  over  a  distance  which  may  amount 
to  a  wavelength  or  more  at  ultra-high  frequencies. 

The  output  circuit  selected  for  the  Coaxitron  consists  of  two  over-coupled 
resonant  cavities.  This  circuit  was  selected  because  of  lumped- constant 
filter  theory  predictions  and  because  the  structure  is  mechanically  simple, 
as  shown  in  Figure  3. 

The  assumption  was  made  (and  later  verified)  that  the  performance  of  a 
series  of  coupled  transmission  line  cavities  could  be  made  to  closely 
simulate  that  of  "optimum"  ladder  type  filter  networks  of  corresponding 
complexity.  The  lumped- constant  performance  was  predicted  by  calculating 
the  input  impedance  of  ladder  networks  having  various  type  "B"  and  "C" 
responses. 
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In  each  case,  the  initial  shunt  capacitance  was  chosen  to  correspond  to 
that  of  the  Coaxitron  output  region.  The  theoretically  predicted  performance 
for  a  two  element  type  "C"  network  having  a  1  db  ripple  is  shown  by  the 
solid  curves  in  Figure  10.  The  resistance  component,  R,  of  the  network 
input  impedance  measures  the  relative  power  output  response,  while  the 
reactive  component,  X,  indicates  the  incompleteness  of  compensation  of 
the  grid-anode  capacitance. 

The  "double -humped"  response  represents  a  considerable  improvement 
over  that  of  a  simple  resonant  circuit,  in  that  the  minimum  value  of  R 
over  the  band  is  about  equal  to  the  mid-band  peak  of  the  simple  circuit. 

Also,  there  is  less  reactance  over  more  of  the  band  than  for  the  simple 
circuit,  A  slight  additional  improvement  in  the  R  response  is  predicted 
for  more  complicated  circuits  although  the  reactance  component  may 
actually  be  greater  in  some  cases. 

The  design  dimensions  of  the  Coaxitron  output  circuit  were  determined  by 
a  cut-and-try  method  on  an  electronic  digital  computer.  This  was  done 
for  several  reasons.  First,  the  rigorous  mathematical  solution  is  unwieldy 
as  it  involves  solution  of  lengthy  transceder.tal  equations.  Second,  the  results 
of  the  cut-and-try  method  agreed  closely  with  measurements  made  on  equiv¬ 
alent  cold-test  models  at  approximately  1200  Me.  Third,  use  of  the  electronic 
computer  permits  more  designs  to  be  examined  more  quickly.  Fourth,  the 
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SHUNT  RESISTANCE  OR  REACTANCE  -  OHMS 


REACTANCE 


FREQUENCY  -  MC 


Figure  10  --  Lumped- Constant  Performance  of  a  Two  Element  Type  "c" 

Laddei  Network  having  a  1  db  Ripple.  The  Solid  Curves  show 
the  Theoretically  Predicted  Performance,  the  Dotted  Curves 
the  Performance  Computed  from  the  Design  Dimensions  of 
the  Coaxitron. 

f 


-30- 


RELATIVE  RESPONSE  -  db  DOWN 


greatly  increased  accuracy  of  the  data  available  from  an  electronic  digital 
computer  permits  examination  of  the  effect  of  small  dimensional  variations 
within  the  circuit. 

The  cross-section  of  the  generalized  circuit  assumed  for  the  experimental 
Coaxitron  is  shown  in  Figure  11  and  consists  of  seven  sections  of  coaxial 
transmission  line  corresponding  to  the  output  geometry  of  the  Coaxitron. 
Both  the  re-entrant  blocker  and  the  ccax-to-waveguide  transition  were 
omitted  to  avoid  unimportant  added  complexity.  Line  section  1  is  the 
terminated  coaxial  output  line  while  inductor  L2  represents  the  coupling 
spokes.  The  input  impedance  is  normally  calculated  at  plane  F,  the  mid¬ 
point  of  the  active  output  region  where  all  the  electron  stream  is  assumed 
to  be  injected. 

The  electrical  equivalent  of  Figure  11  is  shown  in  Figure  12.  Shunting 
capacitances  oi  discontinuity  arc  shown  at  the  various  line  junctions. 

A  typical  set  of  tabulated  computer  data  is  shown  m  Figure  13.  For  each 
frequency,  the  table  gives  input  R.  X,  and  the  rms  voltage  at  each  line 
junction  for  a  5  megawatt  output. 

The  computed  performance  for  the  design  dimensions  of  the  Coaxitron  is 
shown  by  the  dotted  curve  in  Figure  10,  where  the  relative  power  output  is 
proportional  to  the  resistance,  R,  The  excellent  agreement  between  the  two 
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Figure  11  --  Cross-Section  of  Generalized  Coaxial  Circuit  for  Double-Tuned  Cavity 
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Figure  12  --  Equivalent  Circuit  for  Configuration  of  Figure  11 
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sets  of  curves  shows  that  the  "optimum”  lumped- constant  performance  has 
been  achieved  in  the  distributed-constant  theory  and  that  lumped-constant 

filter  theory  gives  reliable  guidance  in  designing  complicated  long-line 
circuitry. 

The  final  dimensions  were  determined  by  adjustment  during  cold-testing  of 
the  actual  Coaxitron  parts.  This  was  done  to  allow  corrections  to  be  made 
for  mistunmg  effects  due  to  minor  configuration  details  in  the  active  region, 
to  correct  for  inexact  design  information  as  to  the  effective  spoke  coupling 
inductance,  to  compensate  for  the  influence  of  the  residual  VSWR  in  the 

coax-to- wave  guide  transition,  and  to  allow  for  the  influence  of  the  re-entran 
blocker. 

Some  parts  used  during  the  cold-test  were  full-sized  but  were  especially 
made  to  permit  rapid  adjustment  and  to  allow  the  inclusion  of  measuring 
probes.  The  band-pass  response  was  determined  by  the  power  delivered  to 
a  matched  waveguide  load  with  respect  to  the  power  fed  into  a  voltage  probe 
located  at  the  mid-plane  of  the  active  output  circuitry  (corresponding  to 
plane  F-F  in  Figure  11).  The  cold-test  response  shown  in  Figure  8  was  set 
to  have  the  same  one  decibel  ripple  as  Figure  10.  but  with  somewhat  wider 
bandwidth,  i.  e. ,  the  three  decibel  bandwidth  is  88  megacycles  instead  of  80 
megacycles.  The  cold-test  adjustment  process  was  facilitated  by  the  use 
of  the  computed  curves  shown  in  Figures  14  through  17  which  predict 
the  general  effect  of  various  independent  adjustments  on  the  output  response. 
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Figure  14  --  Calculated  Effect  of  Increasing  the  Coupling  Inductance  of 
Optimum  Double-Tuned  Cavity  Design 
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FULL  -  SCALE  FREQUENCY  in  MC 

Calculated  Effect  of  Increasing  Line-Length  $ 
between  Coupling  Inductors  and  Output  Section 
of  Optimum  Double- Tuned  Cavity. 

It  has  been  observed  that  for  small  changes  in 
the  point  marked  "o"  is  invariant. 


Figure  16  --  Calculated  Effect  of  Increasing  Line-Length 

between  Coupling  Inductors  and  Active  Length 
of  Optimum  Double -Tuned  Cavity. 


It  has  been  noticed  that  for  small  changes  in 
the  point  marked  "o"  is  invariant. 
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Figure  17  --  Theoretical  Maximum  Effect  due  to  1.  1:1  VSWR 

in  Output  Line  on  Optimum  Double -Tuned  Cavity  , 

Response  (for  all  phases  of  reflection) 
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The  finally  selected  length  of  the  auxiliary  output  cavity  and  the  positions 
of  the  spokes,  the  position  of  the  coaxial  line  end  cap,  and  wave -guide 
plunger  were  all  within  a  fraction  of  an  inch  of  the  anticipated  values. 

During  tills  coid-tesc  the  voltage  distribution  was  also  explored.  Several 
results  indicated  that  operation  in  the  desired  mode  was  assured.  First, 
a  voltage  maximum  occured  near  the  mid-plane  of  the  active  region,  as 
measured  by  a  series  oi  test  pr  :>bes  in  a  dummy  grid  cylinder.  Second, 
a  voltage  maximum  was  found  at  the  mid-plane  probes  (see  Figure  5  )  at 
the  outer  periphery  of  the  re-entrant  blocker.  Third,  relatively  low 
voltages  were  observed  on  the  blocker  probes  nearest  the  slave-end  and 
load-end  cavities. 

Freedom,  from  parasitic  modes  in  the  pass-band  was  indicated  by  a  lack 
of  observed  sharp  peaks  or  dip-  in  the  response.  Also,  the  relatively 
constant  probe  voltage  distribution  around  tuo  outer  circumference  of  tie 
re-entrant  blocker  indicates  tne  absence  of  circumferential  modes. 

The  load  resistance  versus  frequency  response  (Figure  7  )  measured  at 
moderate  power  levels  indicates  resistance  values  somewhat  lower  than 
the  theoretical  predictions  of  Figure  10.  Several  factors  may  Lave  con¬ 
tributed  to  this  difference.  First,  the  bandwidth  was  widened  during  cold- 
test  adjustment.  Second,  the  grid-anode  capacitance  was  increased  slightly 
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by  the  addition  of  the  second  grid.  Third,  the  energy  stored  iti  the  re-entrant 
blocker  decreases  the  R  x  BW  product  slightly.  Fourth,  the  electron  current 


was  injected  along  the  entire  active  length  of  the  output  region  instead  of  at 
the  mid-plane  as  assumed  earlier.  The  effectiveness  of  the  injected  current 
is  reduced  by  a  few  percent  be  ;a  use  each  contribution  along  the  active  length 
undergoes  a  different  phase  and  amplitude  change  by  the  time  it  combines 
with  others  to  form  a  single  current  into  a  .common  lead.  Fifth,  power  losses 
in  the  output  circuitry  vere  negie  her.  Sixth,  the  do  to  rms  conversion  factor 


may  vary  slightly  from  the  I.  1  as  assumed  in  calculating  hue  R  from  formula 
- *  Seventh,  there  may  have  been  some  i  .accuracies  i  .  m.eacureme  its  a*  h 
eighth,  the  rt  voltage  distribution  along  the  cathode -grid  region  may  not  be 
uniform  since  the  input  slave-end  tuning  was  net  optimized. 


Coaxitroi^input^ Circuit  De sign 


The  input  circuitry  of  a  Coaxitrc.r.  amplifier  should  a 
achieve  completely  fixed -tune  cperatf.cn.  A  design  h 
should  be  satisfactory  electrically  and  is  feasible  to 


Iso  be  wide -band  to 
as  Dee.:,  developed  wh: 
cr  .struct.  Tne  desig 


philosophy  is  quite  different  from  that  used  above  for  the  Coaxitron  outpu 
circuit  and  will  be  outlir.ed  prior  to  describing  the  design  itself. 

The  functions  of  the  input  circuit  of  a  Coaxitron  amplifier  are: 

1.  To  inject  into  the  grid-ar  ode  regie:  electron  current  pulses  of  a 
magnitude  sufficient  for  the  desired  power  output. 
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2.  To  achieve  a  reasonable  degree  of  uniformity  of  current  injection  along 
the  active  length. 

To  provide  a  constant  and  essentially  resistive  termination  for  the  rf 
transmission  line  from  the  driver. 

Tne  current  injected  through  the  grids  is  a  large  fraction  of  that  drawn  from 
the  emitting  matrix  facing  on  the  cathode  for  typical  Coaxitron  operating 
voltages. 


The  emission  current  drawn,  in  turn,  follows  closely  the  parallel-plane 
diode  formula: 


.  2.  334  x  10 '6vV2 

1  _ gx 


gk 


(3) 


Based  on  this  expression,  the  grid-cathode  voltage  required  for  a  given 
Coaxitron  plate  current  is  shown  by  the  lower  curve  of  Figure  18.  A  dc 
plate  current  of  say  500  amps  would  require  a  peak  voltage  swing  of  only 
300  volts.  This  low  voltage  accounts  for  the  relatively  good  power  gain 
of  the  Coaxitron.  On  the  other  hand,  a  very  low  input  impedance  may  be 
expected,  as  will  be  discussed  later. 


Uniformity  of  current  injection  requires  uniformity  of  rf  voltage  along  the 
cathode.  This  maybe  approximately  achieved  by  appropriate  adjustment 
of  a  slave-end  input  cavity  in  a  manner  similar  to  the  output-circuit  case. 
Calculations  made  on  a  digital  computer  indicate  that  a  fixed-tuned  slave-end 
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DC  PLATE  CURRENT  --  AMP 


Coaxitron  Voltage  Requirements  where  the 
cathode  spacing  is  .019"  and  the  grid-plate 
spacing  is  0.  285". 


reactive  termination  is  satisfactory  for  the  3  85-465  Me  operating  range. 
The  calculations  consider  the  grid-cathode  active  region  as  an  extremely 
lossy  transmission  line  due  to  the  electron  emission  current  being  dr 


awn. 


They  also  account  for  the  effect  on  the  relative  power  output  of  the  phase  and 
amplitude  variations  of  the  electron  current  along  the  active  length..  The 


calculated  impedance  looking  into  the  driven  end  of  such  a  grid-cathode  region 
is  only  about  0.  22  ohm  and  varies  slowly  with  frequency  and  drive  level. 
Typical  curves  of  input  impedance  and  phase  angle  are  shown  in  Figure  19. 


The  requirement  of  terminating  a  typical  50  ohm  driver  transmission  line 
thus  becomes  essentially  a  problem  of  designing  a  wide-band  transformer 
having  a  250  to  1  impedance  ratio.  A  tentative  design  has  been  worked  cut 
for  such  a  transformer.  It  too  is  fixed-tuned  and  transforms  the  complex 
impedances  represented  in  Figure  19  to  a  reasonably  good  match  for  a  50 
ohm  line  as  indicated  in  Figure  20.  An  even  better  match  is  believed  to  be 
obtainable  with  further  design  effort. 


Basically,  the  transforme r  consists  ol  two  tandem  sections  of  quarter- wave 

coaxial  line  with  a  shunt  correcting  stub  somewhat  along  the  lines  suggested 

by  E.  M.  Broad*.  A  simplified  longitudinal  cross-section  is  shown  in 

Figure  21.  The  relatively  low  surge  impedances  of  the  0.  82  8  ohm  section 

and  the  0.  3  22  ohm  stub  are  obtained  by  interleaving  radial  fins  extending  from 

the  coaxial  walls.  The  impedance  of  such  lines  was  determined  by  using 

*  High-Power  Radio-Frequency  Broad-Band  Transformers  -  Post  Office 
Electronics  Engineers  -  Jv  51,  Pt  i,  Ap  58,  pages  8-13 
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'  INPUT  IMPEDANCE  -  OHMS  PHASE  ANGLE  -  DEGREES 


Figure  19  --  Input  Characteristics  of  the  Active  Portion 

of  the  Grid-Cathode  Structure  of  the  Coaxitron. 
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FREQUENCY  -  MC 


Input  Impedance  vs  Frequency  for  a  Compensated 
Two-Seetion  Matching  Transformer  Connected  to 
a  Coaxitron  Active  Grid- Cathode  Cireuit.  The 
VSWR  shown  is  that  Predicted  for  a  50  OHM  RF 
Driver  Transmission  Line. 


Cathode 


Grids 


Anode  Face 


id  Output  Cavity 


.  8PS  Ohm  I: 
L"  3e  ciiou 


Ohm  Impedance 
wav  i  Line  Stub 


1  2 „  7  Ohm  Impedance 

Line  Se  ition 


I  3.  4  Ohm  Impedance 
Choke  Line  Section 


59  Ohm  Dr  iver  Line 


r  Ceramic  Vacuum  Seal 


1 - Tube  Axis 

Figure  21  --  A  Simplified  Longitudinal  Cros 
Broadband  Input  Circuit.  Dime 


resistance-paper  analogues,,  The  portion  of  the  0.  828  ohm  line  section 
adjacent  the  cathodes  consists  of  a  ceramic  radial  transmission  line. 
Likewise,  the  lower  end  of  the  12.  7  ohm  section  consists  of  a  short 
ceramic  coaxial  line,  which,  incidentally,  is  on  the  axis  of  the  whole  tube. 

Filament  heating  power  maybe  applied  across  the  outer  ceramic  ring,  thus 
permitting  the  upper  ends  of  tin-  cathodes  to  be  grounded  as  a  part  of  the 
mput  slave-end  circuit.  This  will  allow  a  considerable  simplification  in  the 
construction  of  the  grid  L^ock  over  that  shown  in  Figure  5.  Leakage  of  rf 
power  at  the  filament  heating  terminals  should  be  prevented  by  the  13.  4 
ohm  quarter-wave  coaxial  choke  cavity. 

I  he  input  transformer  just  described  was  selected  after  checking  numerous 
designs  on  the  digital  computer.  Three  section  transformers  offered  no 
signiiicant  improvement  ,.n  performance  and  were  more  complicated  to 
fabricate. 

Design  Objective  D  -  Pulse  width:  25  microseconds  minimum". 

This  pulse  width  should  be  attainable  without  difficulty.  Although  the  pro¬ 
visional  testing  to  date  has  been  at  a  pulse  width  of  10  microseconds,  RCA 
experience  with  the  matrix-cathode  life  tests  of  the  RCA  tube  type  6952 
indicates  that  the  current  requirements  stated  previously  represent  a  con¬ 
servative  emission  demar.d  for  matrix-cathodes.  Likewise,  RCA  experience  w 
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the  high  anode  dissipation  requirements  for  the  long  pulse  service  of  the 
Developmental  Tube  Type  A-2346  indicate  a  sound  anode  design. 

Design  Objective  E  ••  "Duty  Factor  0.01  minimum". 

This  should  be  obtained  without  difficulty.  The  matrix-cathode  is  quite 
capable  of  this  service  while  the  anode  and  grid  heat  dissipation  abilities 
are  very  adequate  for  the  average  power.  Also,  the  provisional  testing  per¬ 
formed  to  date  has  been  satisfactory  at  a  duty  factor  of  0.  003,  as  dictated 
by  the  modulator  equipment  available. 

Design  Objective  F-  Efficiency  30  percent  minimum,  when  operated  under- 

power  output  conditions  specified  in  C,  above". 

Dynamic  operation  at  low  voltages  has  demonstrated  efficiencies  up  to  45%. 

Further  improvement  may  be  expected  at  high  operating  voltages.  Most  of 

the  data  taken  for  the  curve  shown  in  Figure  7  was  in  the  10-12  kv  Eg  range, 

while  the  anticipated  plate  voltage  required  for  full  power  output  is  appro  vim. 
22  kv. 

For  maximum  efficiency,  the  dc  plate  voltage.  Eg,  must  just  exceed  the  a{: 
piate  voltage,  Vp,  by  a  voltage  to  permit  the  electron  current  to  cross  ih 
output  region  without  space  charge  limiting.  The  Vgp  required  in  terms  r: 
the  Coaxitron  dc  plate  current,  is  shown  by  the  top  curve  of  Figure  13.  Tr  c 
high  an  EB  causes  needless  plate  dissipation  while  too  low  an  Eg  results  /■ 
reduced  power  output  due  to  plate  current  wave  distortion.  This  was  general! 
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verified  during  the  provisional  testing.  Below  are  two  sets  of  data  showing 


the  improvement  in  efficiency  at  higher  Eg. 


Typical  Low  Power  Test 


P0  =  600  kilowatts 


R  =  22  ohms 
Ig  =  150  amperes 


Vp  =  5.1  kilovolts 


Vpg  =  3.5  kilovolts 
Eg=  8.  6  kilovolts 
Eff.  =  46.5% 


Anticipated  High  Power  Performance 
5000  kilowatts 
22  ohms 
433  amperes 
14.  8  kilovolts 
7.1  kilovolts  minimum 
21.  1  kilovolts  minimum 
52.  5% 


On  the  other  hand,  a  drop  in  efficiency  is  to  be  expected  near  the  edges  of 
the  frequency  band  due  to  the  increased  reactive  component  of  the  load 
impedance  because  the  plate  voltage  swing  Vp  is  higher  than  would  be  required 
for  a  given  plate  current  to  develop  the  same  power  in  a  load  consisting  of 
only  the  resistive  component.  For  example,  if  the  reactance  and  resistance 
are  each  equal  to  22  ohms,  the  total  impedance  would  be  1.  41  x  22  or  31.  1  ohms. 
Consequently,  for  the  given  plate  current  of  433  amp.  the  plate  voltage  Vp 
will  be  1.  41  times  that  of  the  previous  example,  or  21.  0  kv.  The  new  dc  plate 
voltage  thus  becomes  28.1  kv  and  the  efficiency  5000  -  (433  x  28,  100)  =  41.  1%, 

Design  Objective  G  -  "Power  Gain;  A  maximum  consistent  with  the  electrical 

design  of  the  tube". 

The  power  gain  of  the  Coaxitron  as  determined  by  the  present  test  data  is  very 
good.  The  typical  gain  at  a  1  Mw  power  output  level  is  about  3  0:1  where  the 
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estimated  drive  power  is  approximately  3  5  kw.  The  high  gain  is  the  result 

of  two  factors.  First,  a  relatively  lew  grid-cathode  voltage  swing  is  needed 

to  drive  the  required  current  due  to  the  zero  hr. as  operation  permitted  by  the 

tugh  mu.  Second,  no  special  swamping  is  needed  for  broad-banding  the  input 

circuit.  A  curve  showing  the  relat’cn.-,hin  rf  rrVt! •>prf  i  r, 

*  .  P  •*  ^-ebCent  JB  'ers;:s  Eb  c,c  is 

shown  in  Figure  22. 


Design  Ob.iective  H  -  "Cathode:  The  cathode  shall  be  a  matrix- oxide  type". 
The  Coaxitron  amplifier  uses  matrix-oxide  cathodes  of  the:  type  which  have 
g^-e.u  outstanding  performance  in  other  applications.  These  cathc  dea  require 
relatively  low  heating  power  ax:d  easily  provide  an  emission  of  3  0  amperes 
per  square  centimeter.  The  emission  density  required  for  a  Coaxitron  dc  plat- 
current  of  450  amp  is  considerably  less  than  this.  Neglecting  grid  absorption, 
a  cathode  current  density  cl  only  4,  7  amp  per  square  centimeter  would  be 
required  according  to  the  middle  curve  cf  Figure  17.  Special  Developmental 
A- 2 346  tubes  using  these  cathodes  ::a  e  demonstrated  a  power  output  ol’  ever 
5  Mw  at  a  pulse  length  ot  2 LOO  microseconds.  Fi  rthermore,  the  RCA  6952 
exhibits  long  life  with  a  power  output  of  over  2  megawatts  at  a  pulse  length 
of  13  microseconds  and  a  peak  cathode  loading  of  15  amperes  per  square 
centimeter. 
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PLATE  VOLTAGE 


Figure  22  - 


-  Plate  Current  vs  Plate  Voltage  for  the  Model  B 
Coaxitron.  These  Values  Correspond  to  the 
Quiescent  for  Glass  B  Operation. 


Design  Objective  I  -  "Cooling:  In  order  to  provide  adequate  cooling  of  the 

tube,  suitable  coolant  courses  through  the  tube  elements 
with  accessible  connectors  shall  be  provided". 

To  meet  this  objective,  passages  have  been  provided  to  cool  the  anode  block, 

the  grid  block,  both  ends  of  the  output  cavity,  the  coupling  spokes,  the  cathode 


mounting  fixtures,  and  the  arc ae  support  insulators;  a rid,  if  necessary  at 
high-power  outputs,  the  output  coaxial  transmission  line  inner  conductor  cs 


easily  be  cooled.  That  adequate  cooling  has  been  provide  a  for  the  power  levels 
achieved  is  evident  because  no  excessive  temperatures  were  noted  erring  the 
operation.  These  coolant  ec  arses  can  be  seen  on  the  sectional  drawings 
shown  in  Figure  4  and  Figure  5. 


The  coolant  used  during  the  provisional  testing  of  the  Coaxitron  was 
Minnesota  Mining  and  Manufacturing  Company's  FC-7  5.  This  fluid  was 
selected  because  its  high  inherent  resistance  reduced  leakage  currents  and 
because  FC-7  5  facilitated  effective  bypassing  of  the  dc  plate  lead. 

Design  Objective  .J  -  "Load  Voltage  Standing  Wave  Ratio  (VSWR):  The  tube 

shall  be  designed  for  operation  into  a  load  having  a 
VSWR  of  1,  5:1  for  all  phases,  without  evidence  of 
ope  rational  instability". 

Since  the  device  is  inherently  a  linear  amplifier  ratner  than  an  oscillator,  no 

operational  instability  would  be  expected.  To  verify  this,  the  experimental 

Coaxitron  was  operated  into  a  waveguide  having  a  VSWR  of  2.4:1.  This  -was 

obtained  by  disconnecting  the  normal  load  and  allowing  the  rf  energy  to 

radiate  into  free  space  from  the  open  end  of  the  wave  guide.  The  Coaxitron 
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was  tested  under  these  conditions  at  frequencies  near  the  band-edge  where 
the  tube  load  becomes  quite  reactive.  No  signs  of  instability  or  spurious 
modes  were  observed. 


Two  other  factors  also  enhance  the  stability  of  the  Coaxitron  amplifier.  The 
extra  isolation  of  the  input  and  output  circuits  provided  by  the  double-grid 
is  the  first  and  the  fact  that  the  load  is  symmetrically  coupled  to  the  output 
circuit  is  the  second. 
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sec  tton  vii 


ACCESSORY  EQUIPMENT  ACQUIRED  UNDER  THE  CONTRACT 


Processing  E qciprri en 

In  order  to  assure  adequate  processing  of  the  experimental  Cosxitroto 


several  modifications  were  made  if  h  e  a  mum  s /stem  and  othe: 


speci.nl 


equipment  was  acquired.  A  special  base  plate  for  off-center  exhausting 
of  the  experjne:cai  Coaxitror.  and  a  new  I qu  i  d  -  r.  it  r  o  h  e. u  trap  were  cJegigi 


igue  1 


to  facilitate  proper  vac:;  :m  pro  ce  -  ?  ring,  h  addition,  an  810?  ampere  :cn 
tinuousiy  variable  filament  supply,  a  d  ;  Mas  aor  grid  bombarding  supple, 
ar.d  a  plate  bombarding  s  apply  vere  acquired. 


Test  Equipment 
A  special  tunable  ir 


circuit  •.«  as  be-  igne  i  u.;  milt  fer  the  e.xporime  ..iai 


Coaxitr-on.  The  aeceasary  coaxial  dr-h  e  line  v..b  associated  fitter 


gs  were 


acquired  for  tie  input  circuit  rf  drive  r  e  Tic  s.  A  wmc -guide,  water 


load,  wave-guide  slotted  line 


'  e>  vs’  ■  -g  ;<•  i^euole  section,  a..d  r  wave-guide 


.i  airs  it  ion  and  p  anger  were  acqu:  re  o  for  t  e  output  circuitry  as  well  s  -j 
special  full  size  wave-garde  load  for-  ;c  in  pr-ooe  pirpt  -es.  The  3/4  heig*  t 


2300  wave-guide  output  line  y.  .1  fitting  can  be  see  .,  in  the 
Figure  23. 


photograph  of 


Model  Stud.y  Appar aiu s 

A  special  1  Me  analogue  was  designed  and  built  to  study  the  voltage  arid  phase 

relationship  along  the  active  portion  of  the  tube  and  re-entrant  blocker.  A 
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ip  of  the  Model  B  Coaxitron  Showing  the  2300  Waveguide  and 
id.  The  Coaxitron  is  at  «,ne  Extreme  Right,  the  Water  Load 
t.  The  Center  Portion  of  the  Waveguide  is  the  Slotted  Line, 
ment  Under  the  Waveguide  Platform  is  the  Rf  Driver. 


photograph  of  this  analogue  is  shown  in  Figure  24. 


Much  of  the  preliminary  design  work  was  done  using  a  1/  3  scale  model  at  a 
frequency  of  1200  Me.  The  photograph  of  Figure  25  shows  the  1200  Me 
Coaxial  Cavity,  the  1200  Me  Coaxial  Taper  Transition  and  the  1200  Me 
Coaxial  Special  Low  Impedance  Slotted  Line  used  for  these  tests. 

2000  Me  Adjustable  Wave-Guide  to  Coaxial  Transition 

The  preliminary  design  work  of  the  coaxial-to-wave-guide  transition  was 
done  at  2000  Me.  Figure  26  shows  a  photograph  of  the  special  adjustable 
wave-guide  to  coaxial  line  transition  necessary  for  this  work.  Figure  27 
shows  a  photograph  of  various  coaxial  tapered  transitions  and  of  several 
special  coaxial  impedance  terminations. 

Coaxitron  Model  A 

Figure  28  shows  a  photograph  of  the  first  experimental  Coaxitron  built. 

This  Model  A  Coaxitron,  however,  was  unlike  the  Model  B  Coaxitron  in 
that  it  had  single-tuned  output  circuit  inductively  coupled  into  an  8  ohm 
load  which  had  to  be  transformed  by  a  broad-band  step  transformer  to  the 
100  ohm  load.  In  addition,  as  shown  on  the  curves  of  Figure  30,  the  coaxial- 
to-wave-guide  transition  required  pre-setting  of  the  wave-guide  shorting  stub 
at  each  individual  frequency.  The  first  experimental  Coaxitron  employed 
thoriated  tungsten  cathodes  to  permit  repeated  rebuilding  to  test  various 
modifications  of  the  new  features  such  as  the  re-entrant  dc  blocker  as 
described  previously. 
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Figure  24  —  A  Photograph  of  the  Special  1  Me  Analog  Designed  to  Study 

the  Voltage  and  Phase  Relationship  of  the  Model  B  Coaxitron 
Along  its  Active  Portion  and  Re-entrant  Blocker,, 


Figure  25  —  Scale  Model  Single-Tuned  Cavity  One-Third  Size,  Coaxial 
Slotted  Line  and  Coaxial  Transformer  Shown  Assembled 
(Scale  is  6-1/2"  long) 


'I 


Side  View  of  Scale  Model  Adjustable  Waveguide-to-Coaxial 
Transition  in  3.  095  x  1,  161"  Waveguide,  Showing  Slide-Bc 
Which  Permits  Adjustment  of  the  Transverse  Position  of 
Coaxial  Line  in  the  Waveguide. 
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The  Model  A  Coaxitron:  An  Interim  Model  with  Single -Tuned 
Output  Circuit  Used  to  Establish  Some  of  the  Basic  Design 
and  Processing  Concepts. 
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Interim  Version,  Model  A  Transition  VSWR  and  Optimum 
Waveguide  Short  Position  vs.  Frequency 


Tests  and  processing  of  the  first  Coaxitron  were  severly  limited  by  an 
anode -to-grid  short.  The  short  was  caused,  by  a  structural  weakness 
in  the  anode  coolant  course  a  rich  re;  uie<i  in  a  be  wing  of  the  anode  under 
coolant  pressure.  This  structural  defect  Las  been  corrected  on  the  second 
experimental  Coaxitron. 

Programs  for  the  Electronic  Digital  Computer 

As  referred  to  previously,  much  cf  the  preliminary  design  work  was  done 
on  an  Electronic  Digital  Computer.  Specifically,  programs  were  set-up 
to  evaluate  the  Coaxitron  Output  Circuit,  the  Coaxitron  Active  Input  Circuit, 
and  the  Coaxitron  Wide-Baud  Input  Matching  Transformer,  These  programs 
are  on  file  at  RCA,  Princeton  and  would  be  extremely  useful  for  further 
Coaxitron  design  at  the  present  frequency  o and  or  at  other  frequencies. 
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SECTION  VIE 


SUGGESTED  FUTURE  COAXIT RON  DEVELOPMENT 


The  encouraging  perl  or  in  a-;,  ce  iemouirtrated  durir  g  the  provisic  cal  testing 
indicates  that  the  Coauitro  amplifier  is  a  high-power  wide-bacd  device 
capable  of  stable  operation  will  go-  :  p-  ,-.er  gain  and  efficiency  for  several 
thousand  hours  of  expeute  :  cu'h  Me  err,  „-~ic  life.  The  iniprc  ~ed  reliability 
o.nd  potential  economy  .cad;.  cate  i  oy  the  pr c  visional  testing  urges  a  contin¬ 
uation  of  the  development  program  this  family  of  CoaxiUc 


Further  Testing  of  Mr  lei  B 


Further  aging  and  testing  of  the  Me  lei  B  Coaxitrcm  at  higher  average 


power 


levels  would  be  desirable  1.:.  it  should  ,-ielb  valuable  inf 


ormatior.  pertaining 


to  (1)  design  weaknesses  rot  appare ui  at  lower  p  vers  sub  \2)  full  power 
efficiency  ai  d  power  gam  to  be  e \pe  Ted.  l.u  case  the  Coaxitron  reaches  a 
prematur  e  ceiling  ir .  operst:.  g  le-  el  or  becomes  inoperative,  the  cakse 
should  be  determined  by  a  "post-mortem’  exunir  ation  ai  d  a  suitable  remedy 
incorporated  m  the  le^igr.  ci  a  Mode .1  C  Coax.: iron.  Pressurization  of  the 
accessory  input  circuit  may  be  required  or  operation  at  higher  power  levels. 

The  equipment  new  a  v  n.±  a  bn*  fer  tb.e  pro  visional  testr.  .g  provides  r,jf  drive 

pulses  of  10  microseconds  duration  at  a  duty  factor  of  0.  003  and  at  *  peak 

power  up  to  160  kw.  This  is  inadequate  for  testing  to  the  minimum  objectives 

of  25  microseconds  and  0.01  duty  factor  stated  in  the  technical  objectives. 
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Furthermore,  the  plate  supply  used  is  not  pulsed  and  is  limited  to  abc-ut 
3  5  kv  de,  which  is  too  low  a  voltage  for  the  objective  power  output  of  5 


megawatts. 


Equipment  for  High-Power  Test:!  ,.g 

Testing  at  higher  average  power  w  her  oc  nations  more  .early  satisfying 
l..ie  stated  objectives  would  be  possible  by  utilising  on  a  time  sharing  bases 
the  HPLF  test  equipment  acquired  on  Contract  AF80(602)-1  »96,  I  he  rf  drive 
and  pulsed  plate  voltage  would  be  extended  to  the  present  Ccuxitro.u  exhaust 
ar.d  test  position  thrcugh  quick  char..gecvex  switches.  A  relatively  simple 
adjustment  should  reduce  the  pulse  length  as  low  as  50  microseconds, 
which,  at  a  repetition  rate  of  60,  gives  a  duty  factor  of  0.  003  (the  value 
used  in  the  above  mentioned  provisional  tests).  The  0.  01  duty  factor  could 
be  obtained  with  150  microsecond  pulses. 

The  nominal  200  kw  outp  it  cap  at  City  ■  *  the  HPLF  rf  driver  she  id  provide 
excellent  rf  grid  bombardment  luring  processing  v/ith  the  pulse  length  set 
at  0.  5  to  1  millisecond.  Tne  long-pulse  drive  could  also  be  used  to  operate 
the  Coaxitrons  at  their  required  average  power  output  of  50  kw. 

The  full  5  megawatt  peak  power  output  may  also  be  obtainable  with  the  HPLF 

driver  if  the  Coaxitron  power  gain  stays  up  near  the  30;  1  observed  in  the 

tests  at  moderate  power  levels.  However,  a  10  db  minimum  objective  would 

require  a  new  rf  driver  capable  of  an  output  cf  500  kw. 
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It  is  recommended  that  a  complete  government  owned  1  megawatt  driver  be 
furnished  for  full  power  testing  of  Coaxitrons  in  order  to  insure  an  abundance 
of  rf  drive  power  at  the  olbe  :-.i  ve  25  m  ;rcse  /  :  i  pulse  length  and  0.  01  duty 
factor.  A  tunable  maguetro.  type  ox  driver  would  facilitate  testing  at  a 
number  of  frequencies  ov&'  a  /Ip  van  J.  O  the  other  hand,  a  wide  "Pari 
amplifier -chain  type  driver  wc  id  «  -.her  iue  auditions!  possibility  of 
complete  "system"  testing  <:  a  Coax  Linen. 

Modification  ot  the  HPLF  me  imator  won.  i  also  re  required  for  operatic 
at  the  higher  repetition  rate  dictated  by  the  >b  ir.i  xvo  second  pulse  lengtl 
and  0.01  duty  factor.  This  work  .voices  the  p.  .-e  generator  and  low  level 
amplifier  stages  of  the  mod  . .ah  t. 

In  case  the  work  mad  or.  the  HPL1  equipment  ce  jcnes  such  that  a  time 
sharing  arrangement  is  imp/  n-.h  :.i  wev'd  oe  technically  feasible  to 
use  another  large  gover  ament  c  v.ei  test  set  r.  ,  r tired  under  Contract 
DA30-069-ORD-19  55.  lire  war  >tv  p  men  a  tor  of  t..l?  equipment  is 
actually  more  suitable  for  Ccaxitrc-  testing  than  that  it  the  HPLF  set 
in  that  the  pulse  rate  and  length  urw-imert  are  more  flexible.  However, 
the  rf  driver  opet  ates  at  aorrr  vr  at  uner  fre  pe  ies  than,  the  objective 
385  to  46  5  Me  range  and  vcuIt  ne-  ce  require  seme  cii  cult  modification:. 

The  driver  peak  power  output  capability  is  only  slightly  higher  than  that 
of  the  HPLF,  so  that  the  new  big  -pc  ver  driver  discussed  above  would, 
be  desirable. 
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Coaxitron  Design  Procedure 


The  design  effort  would  be  directed  toward  (1)  incorporating  wideband  integral 
input  circuitry;  (2)  shifting  the  band-pass  of  the  output  circuitry  slightly 
upward  in  frequency;  (3)  adding  auxiliary  cooling  means  inside  the  anode 
block  to  permit  adequate  anode -face  heating  during  processing  and  (4) 
correcting  any  design  limitations  observed  during  further  testing  of  the 
Model  B  Coaxitron. 

Refinement  of  the  tentative  design  for  the  integral  input  circuit  would 
include  (1)  a  determination  of  the  electrical  and  physical  parameters  of 
the  input  slave -end  circuit  for  the  most  uniform  rf  voltage  distribution 
along  the  active  cathode;  (2)  re -calculation  of  the  parameters  of  the 
wide-hand,  high-ratio  (approximately  250:1)  input  matching  transformer 
for  best  VSWR  on  rf  driver  line;  (3)  a  modified  mechanical  design  of  a 
new  input  structure  consistent  with  the  electrical  requirements  and  capable  of 
high  temperature  bake  out- during  evacuation.  The  calculations  involved 
in  the  electrical  design  will  be  facilitated  by  electronic  digital  computer 
programs  already  developed.  Some  cold-test  model  work  will  also  be 
needed  as  well  as  some  experimental  work  to  determine  the  mechanical, 
feasibility  of  a  few  constructional  details.  Fabrication  plans  should  call 
for  sufficient  parts  and  assemblies  for  two  complete  Coaxitrons  ready 
for  processing  and  test.  This  should  give  a  reasonable  expectation  of 
at  least  one  Coaxitron  fulfilling  the  technical  objectives. 


Contract  AF30(602)-1892 
Final  Report 


-68- 


